Background. Human cytomegalovirus (CMV) is prevalent in older adults and has been implicated in many chronic diseases of aging. This study investigated the relation between CMV and the risk of Alzheimer disease (AD).
Human cytomegalovirus (CMV) is prevalent in older adults and has been associated with cardiovascular disease and mortality [1, 2] . CMV is transmitted person-to-person by contact with body fluids of persons with or without symptomatic infection [3, 4] and, for most people, has no clinical manifestations. Seroprevalence rates of the virus, typically acquired in childhood, increase steadily with age. In a representative sample, the age-adjusted CMV seroprevalence in the United States was approximately 60%, with rates ranging from 36% in children to 90% in adults aged >80 years [5] .
An increasing number of studies in the literature suggest that CMV is involved in the etiology of Alzheimer disease (AD) [6] . However, most studies focus on persons with vascular disease or vascular dementia [7, 8] . One study found associations of CMV-related immunologic and virologic characteristics with AD pathology and a trend with clinical diagnosis among deceased persons [9] , but we are unaware of prospective studies that have examined the link between CMV and the risk of AD in living persons.
Studies of primary CMV infections have demonstrated racial disparities, with black individuals more likely to be infected than white individuals [10, 11] . The reasons for the disparities are unknown but include factors such as poverty and overcrowding, low socioeconomic status, and higher levels of stress [3, 12] . There is also a racial disparity in AD, with black individuals having a greater risk and prevalence than white individuals [13] . Given the high rates of CMV infection in black individuals and their greater risk of AD, we sought to determine whether CMV might contribute to racial differences in the risk of AD.
In the current study, we examined racial differences in the frequency of CMV seropositivity and tested the association of CMV serostatus with incident AD and decline in cognitive function in a longitudinal study of older black individuals and white individuals examined annually for up to 17 years. We also tested whether race modified the association.
METHODS

Participants
Participants come from the Rush Memory and Aging Project (MAP), the Religious Orders Study (ROS), and the Minority Aging Research Study (MARS), 3 ongoing cohort studies approved by the Institutional Review Board of Rush University Medical Center. The studies have similar study designs, data collection techniques, and recruitment techniques, which facilitate merging the data [14] . Participants undergo annual clinical evaluations, including a medical history, neurological examination, cognitive testing, and donation of blood.
The MAP is a longitudinal clinical-pathologic cohort study of older adults without known dementia who agreed to annual clinical evaluations and brain autopsy at death [15] . Older persons from the Chicago metropolitan area were recruited from retirement communities and subsidized housing facilities. Recruitment for the MAP began in September 1997 and is ongoing. Between 1997 and July 2012, 1412 MAP participants had available blood specimens for analysis.
The ROS is an ongoing longitudinal clinical-pathologic study of aging and AD in older Catholic nuns, priests, and brothers [16] . Participants are without known dementia and have agreed to annual evaluation and organ donation. Recruitment began in January 1994 and is ongoing. Between 1994 and July 2012, 1104 ROS participants had available blood specimens for analysis.
The MARS [17] is a longitudinal community-based cohort study of risk factors for cognitive decline and has enrolled >500 older black individuals. Participants without known dementia were recruited from community-based organizations, churches, and senior-subsidized housing facilities in the metropolitan Chicago area. Recruitment for the MARS began in August 2004 and is ongoing. Between 2004 and July 2012, 373 MARS participants had available blood specimens for analysis.
We used a stratified sampling scheme to select a subset of individuals from each cohort. Black individuals from all 3 studies were included if they had available blood specimens, did not have dementia at the time of the blood specimen collection, and underwent at least 2 cognitive evaluations to assess cognitive decline (n = 210). A subset of remaining white participants (n = 639) was randomly selected from the MAP and the ROS, using the same criteria. Participants from all 3 cohorts were treated as 1 analytic cohort (n = 894).
Outcome Measures
Clinical Evaluation for AD Each person underwent an annual uniform structured evaluation performed by examiners who were blinded to previously collected information [15] [16] [17] . On the basis of this evaluation, an experienced clinician classified subjects with respect to AD and other neurologic conditions according to criteria set forth by the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association [18] . [20] .
Assessment of Cognitive Function
To minimize floor and ceiling effects and use all available data, a global measure based on all 16 tests was used in analyses. Scores on each individual test were converted to z scores, using the baseline mean and standard deviation for the entire group, and were averaged to yield the global measure, as previously described [20] .
Laboratory Assessment
Frozen serum samples (−80 C) from each participant were shipped to Stanley Laboratory of Developmental Neurovirology at the Johns Hopkins School of Medicine to measure levels of antibodies to CMV and herpes simplex virus type 1 (HSV-1). Methods for determining the antibody levels have been described previously [21] [22] [23] . Briefly, solid-phase immunoassay techniques were used to measure immunoglobulin G (IgG) antibodies to CMV in sera [24] . Assays were performed by the reaction of diluted aliquots of standard control serum samples to antigens immobilized onto a solid-phase surface, with the subsequent quantitation of IgG antibodies by reaction of bound antibodies with enzyme-labeled anti-human IgG and enzyme substrate. The optical density of the ensuing enzyme-substrate reaction was quantified by means of spectrophotometric instrumentation. Reagents for CMV assays were obtained from IBL-America (http://www.ibl-america.com/). Assays of antibodies with specificity for HSV-1 were performed using a purified viral envelope glycoprotein gG-1 as the solid-phase antigen. Reagents for HSV-1 assays were obtained from Focus Diagnostics (http://www.focusdx.com/product-catalog/ herpeselect). Specimens were classified as seronegative if the immune status ratio, determined by comparison with defined standards, was within the range of negative (<0.9) or positive (≥0.9); equivocal values were classified as positive. The samples were anonymized by means of coding system, with the researchers performing the assays having no information relating to the clinical characteristics of the participants.
Covariates
Participants reported years of education, and both race/ethnicity (non-Hispanic black vs non-Hispanic white) and sex were self-identified. Age was determined on the basis of the participants' date of birth. Participants reported vascular risk factors and conditions in the medical history. Composite measures of vascular risk factor burden (ie, calculated as the number of the following 3 risk factors that were present: hypertension, smoking, and diabetes mellitus) and vascular disease burden (ie, calculated as the number of the following 3 risk factors that were present: claudication, stroke, congestive heart failure, and heart attack) were computed on the basis of self-report questions and medication inspection, as previously described [25] . Genotyping of the gene encoding apolipoprotein ε4 (APOE) was done, and individuals were dichotomized into those with at least 1 copy of the ε4 allele and those without a copy, as previously described [26] .
Statistical Analysis
We first examined differences between black individuals and white individuals on the basis of demographic factors, CMV status, and health conditions. Because black individuals were significantly younger and had less education in this sample, scores based on normalized inverse probabilities were used to weight models so that racial differences across key covariates were minimized. Cox proportional hazard models [27] were used to test the hypothesis that CMV serostatus is associated with higher risk of AD and to determine whether the risk differs between black individuals and white individuals. All models included terms for age, sex, education duration, and race. Subsequent models adjusted for vascular risk factors, vascular diseases, and APOE findings.
We used mixed-effects models [28] to test the hypothesis that CMV was associated with a faster rate of cognitive decline and to determine whether the relation differed between black individuals and white individuals. Each model had terms for time (measured as the number of years since blood specimens were collected); CMV serostatus ( positive vs negative) to control for the relation of CMV to cognitive function at baseline; and the interaction of CMV with time, to test the association of CMV with linear change in cognitive function. Terms for the interaction of CMV and race and the interaction of CMV, race, and time were included to test whether there were racial differences in the relation of CMV to baseline cognition and change over time. Models included random effects for time, incorporated for individual baseline level of cognition and individual rate of change in performance. CMV and other covariates were entered as fixed effects. All models also included terms for age, sex, and education duration. Secondary models were repeated to adjust for vascular risk factors, vascular diseases, and APOE findings.
As a sensitivity analysis, models were repeated with HSV-1 status as the predictor, with adjustment for age, sex, education duration, and race, first in a model by itself and subsequently with HSV-1 status and CMV status in the same model. All analyses were conducted by using SAS software, version 9.3, of the SAS system for Linux. Models were graphically and analytically validated.
RESULTS
CMV and Demographic Characteristics
Results from the CMV IgG antibody tests were dichotomized as seronegative or seropositive. Among the 849 participants in the study, 623 (73.4%) tested positive for CMV infection. Black individuals had significantly higher levels of CMV antibody levels than white individuals (89.0% vs 68.2%; P < .001). The baseline characteristics of the sample are shown in Table 1 . Participants had a mean age (±SD) of 78.6 ± 7.2 years, a mean education duration (±SD) of 15.4 ± 3.3 years, and a mean MMSE score (±SD) of 28.1 ± 2.5. The sample was 25% Black and 76% were women. Black individuals were younger, had less education, lower MMSE scores, and more vascular risk factors. In contrast, white individuals had more vascular diseases. Table 2 shows CMV antibody levels, by race and mean age. Black individuals had higher levels at every age. There was an Table 3 ). As shown in Figure 1 , a person with CMV infection was >2 times as likely to develop AD than a person without infection. A greater percentage of black individuals had CMV, consistent with previous reports [3, 29] . Thus, we repeated analysis of the core model with additional terms for the interaction of CMV with race. CMV infection continued to be associated with increased incidence of AD (RR, 2.20; 95% CI, 1.45-3.36; P < .001), but there was no interaction with race (RR, 0.11; 95% CI, .01-2.39; P = .16; Table 3 ). Results were unchanged after control for vascular risk factors and diseases (data not shown). Genetic factors such as APOE4 have been related to the risk of AD [30] , and CMV antibody levels have been shown to vary by APOE genotype [31] . The addition of a term for the presence of any ε4 did not affect the association of CMV and the risk of AD (RR, 2.24; 95% CI, 1.48-3.39; P < .001).
To test the specificity of the effect, we repeated analysis of the core model after replacing CMV status with HSV-1 status. Of 849 participants, 43.6% had serologic evidence of HSV-1. HSV-1 was not related to the incidence of AD (RR, 0.84; 95% CI, .62-1.16; P = .29), and there was no interaction of HSV with race (RR, 0.32; 95% CI, .01-19.71; P = .58). Finally, we included both CMV and HSV-1 in the same model, and results were the same: there was an increased risk of AD for CMV but no relation with HSV-1 (CMV-associated RR, 2.19 [95% CI, 1.44-3.33; P < .001]; HSV-1-associated RR, 0.94 [95% CI, .69-1.29; P = .72]).
CMV and Change in Global Cognition
Because cognitive decline is the hallmark of AD, we tested the robustness of the finding with CMV by examining the relation of CMV with the decline in global cognition in a series of mixed-effects models that adjusted for age, sex, education duration, and race. In these models, the term for time indicates the mean annual change in global cognition. CMV was related to a faster rate of decline, as indicated by the term for CMV and time ( Table 4) . As shown in Figure 2 , the cognition of persons infected with CMV infection declined faster than that of persons without CMV infection. Subsequent models included a term for the interaction of CMV and race. CMV continued to be related to a faster rate of decline in cognition, but there was no interaction with race (Table 4 ). Additional models adjusted for vascular risk factors and vascular diseases, and the results were essentially unchanged. In a model that included a term for the presence of any ε4, the magnitude of the effect of CMV on the change in global cognition was similar to that of the core model but only approached significance (estimate [±standard error] −0.02 ± 0.01; P = .07). Finally, in models that replaced CMV status with HSV-1 status, HSV-1 was not related to the level of or change in global cognition. 
DISCUSSION
To our knowledge, this is the first study to demonstrate a link between serological evidence of CMV exposure and the risk of AD in a community sample. Among 849 older black individuals and white individuals, we found that CMV seropositivity was higher in black individuals relative to white individuals and was associated with a 2-fold increase in the risk of AD and a faster rate of cognitive decline. The results were independent of demographic characteristics, vascular risk factors and diseases, and APOE4 allele status. Although the relationship was similar in black individuals and white individuals, black individuals had a much higher frequency of CMV infection, suggesting that CMV may contribute to racial differences in the burden of AD. The relationships were independent of HSV-1 status, which showed no relationship with the risk of AD or cognitive decline. CMV has been implicated in many chronic conditions, including atherosclerosis, endothelial dysfunction, and autoimmune diseases, in which it is thought to function as a proinflammatory agent replicating in sites of inflammation and sustaining the process of chronic inflammation [32] [33] [34] [35] . Similar to other herpesviruses, CMV persists in a latent state until periodic reactivation in times of stress, times of immunosuppression due to chronic illness or medications, or during aging [36, 37] . Several studies have examined CMV and cognition either in older adults, in patients with specific clinical conditions, or among patients with mental illness [38] [39] [40] . Results have been variable. Most studies have been cross-sectional examinations that looked at either serostatus alone, antibody levels, or both. For example, one study did not find an association between CMV seropositivity and cognition in older adults, although it did find it in middle-aged adults [41] . Another study found that neither antibody level nor seropositivity was associated with cognitive impairment [35] . By contrast, a third study reported that both seropositivity and antibody level were associated with lower cognition [39] . To our knowledge, only 1 longitudinal study has reported that CMV is related to a faster rate of cognitive decline, but it was limited in cognitive measures [38] .
The potential mechanisms linking CMV with the risk of AD is uncertain. Although CMV infection often remains undiagnosed because of the asymptomatic properties of the virus, it remains in a persistent latent state in the immune system, with an increasing risk of reactivation during old age [42] . Thus, several factors suggest CMV may be associated with risk of AD as a result of its effects on the aging immune system. First, older adults have increased levels of IgG antibodies to CMV, compared with younger persons [43] , and changes in cell-mediated immune parameters often occur with aging and can result in subclinical CMV reactivation [37] . Second, a relationship has been established between CMV and downregulation of cellmediated immunity, resulting in an increase in cellular and inflammatory markers often associated with cognitive decline [42, 44] . For example, it has been shown that CMV-specific CD8 + T cells have the ability to produce interferon γ [44] , and increased levels of CMV IgG antibodies are significantly correlated with higher tumor necrosis factor α and interleukin 6 levels in older adults [12, 45] . Finally, a recent report found an association of CMV with AD neuropathology in the brains of deceased participants [9] . They also found a trend for an association with clinical diagnosis of AD, but results were limited because of the small sample size. Similarly, another pathologic study of 15 decedents found that CMV was present in a high proportion of brains among persons with vascular dementia, further suggesting a role of vascular disease and inflammation [7] . Together, these studies support a CMV-related immune and inflammatory pathway that is also implicated in AD and cognitive decline and may account for the association reported in the current study [46] . Another possible mechanism linking CMV to risk of AD is the strong pattern of the association of CMV antibody levels with race, income, and education level reported in previous meta-analyses and national representative studies [5, 11, 29, 47] . Race and factors associated with low socioeconomic status have all been shown to be independently associated with CMV seropositivity [3] . Interestingly, risk and prevalence of AD are also higher in the same demographic subgroups. Although the results in the current study are consistent with both of these trends, we did not find that the relationship of CMV with the risk of AD differed as a function of race. However, it is possible that the relative homogeneity of black individuals and white individuals with respect to measures of income level and education duration in the current study could have influenced the results. Also, we had a relatively small sample size for black individuals, compared with white individuals, which may have limited the power to detect an interaction of CMV with race. Future population-based studies in which the full spectrum of income level, education level, and race is represented, and sample sizes are sufficient to examine subgroup analyses are needed. Despite the lack of a differential effect by race, however, the results suggest that the overall burden of this relationship is greater among black individuals because they are much more likely to be infected with CMV. In fact, given the well-established racial difference in CMV prevalence and risk of AD, the current results represent a targetable health disparity for potential interventions, such as antiviral medications for CMV, to assess whether intervening on CMV reactivation may reduce risk of AD development and cognitive decline. For such a strategy to be most effective, however, it would need to be given as prophylaxis to high-risk groups.
Some studies have found that HSV-1 is related to AD, but the results have been inconsistent, and often driven by an interaction with APOE4 status [38, 48] . We did not find an association between HSV-1 and the risk of AD, suggesting that the effect of CMV on the risk of AD and cognitive decline is relatively specific and not due to a general role of infection on immune dysfunction. Of note, rates of positivity for HSV-1 in our sample were much lower than those for CMV, and this might be a reason for the lack of associations with HSV. We are not aware of published data on frequency of HSV-1 in adults aged >65 years. Thus, future studies should determine whether the lower levels in our sample are due to the much higher ages of our cohort.
The study has limitations. We used seropositivity status, which indicates prior exposure to CMV, rather than when participants were infected. Existing cross-sectional data in the literature suggest that black individuals acquire CMV infection earlier than white individuals [5, 29] , potentially because of racial differences in exposure to social stressors, including lower income level, education level, and occupational status. Whether or how time of acquisition might influence the relationship between CMV and cognitive function is not known but should be examined in future studies. Some studies have suggested that antibody levels are a more important and salient measure of immune response to CMV. Evidence of a relationship between persistent infection and risk of AD would strengthen the findings. In addition, analyses were conducted on selected participants with available blood specimens for analyses.
This study had several strengths. First, data come from cohort studies with high follow-up rates and well-characterized participants. Second, we considered important confounding factors, including demographic characteristics, vascular conditions, and APOE genotype. Third, we were able to test the specificity of the effect by examining the relation of another common herpesvirus that has been implicated in AD, HSV-1. Finally, we used a complementary outcome to AD, change in cognitive function, and found similar results, which further strengthens confidence in the relationship between CMV and AD.
Notes
